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One of the Dictyostelium ras genes, rasD, is expressed preferentially in prestalk cells at the slug stage of development and
overexpression of this gene containing a G12T activating mutation causes the formation of aberrant multitipped aggregates
that are blocked from further development (Reymond et al., 1986, Nature, 323, 340±343). The ability of the Dictyostelium
rap1 gene to suppress this abnormal developmental phenotype was investigated. The rap1 gene and G12V activated and
G10V negative mutant forms of the rap1 gene were independently linked to the rasD promoter and each construct used
to transform M1, a Dictyostelium cell line expressing RasD[G12T]. Transformants of M1 that expressed Rap1 or Rap1[G12V]
protein still formed multitipped aggregates, but most tips were able to complete development and form fruiting bodies.
Cell lines showing this modi®ed phenotype were designated ME (multitipped escape). The rap1[G10V] construct did not
modify the M1 phenotype. These data suggest that overexpression of RasD[G12T] has two effects, the formation of a
multitipped aggregate and a block in subsequent differentiation and that the expression of Rap1 or Rap1[G12V] reverses
only the latter. Differentiation of ME cells in low density monolayers showed the identical low level of stalk and spore
cell formation seen for M1 cells under the same conditions. Thus the cell autonomous defect in monolayer differentiation
induced in the M1 strain was not corrected in the ME strain. Cell type-speci®c gene expression during the development
of M1 cells is dramatically altered: prestalk cell-speci®c gene expression is greatly enhanced, whereas prespore-speci®c
gene expression is almost suppressed (Louis et al., 1997, Mol. Biol. Cell, 8, 303±312). During the development of ME cells,
ecmA mRNA levels were restored to those seen for Ax3, and tagB mRNA levels were also markedly reduced, although
not to Ax3 levels. cotC expression in ME cells was enhanced severalfold relative to M1, although levels were still lower
than those observed during the development of Ax3. The low expression of car1 mRNA during early development of the
M1 strain remained low during the development of ME cells. These data are consistent with the idea that the expression
of RasD[G12T] affects two independent and temporally separated events and that only the later defect is reversed by rap1.
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INTRODUCTION tor cells during eye development in Drosophila (Simon et
al., 1991) and of precursor cells to vulva cells during C.
elegans development (Han and Sternberg, 1990). A loss-of-Ras genes encode small monomeric G-proteins that func-
function mutation of ras causes C. elegans to develop with-tion as molecular switches regulating signal transduction
out a vulva, whereas the gain-of-function mutation thatpathways by cycling between an inactive GDP bound form
constitutively activates Ras causes the inappropriate induc-and an active GTP bound form. These proteins have been
tion of precursor cells producing excessive vulva differentia-implicated as important regulators in the transmission of
tion or a multivulva phenotype (Han and Sternberg, 1990).growth factor signals in mammalian cells and the expres-
In Drosophila, the expression of an activated form of Rassion of mutant proteins that constitutively bind GTP fre-
transforms all photoreceptor cells into R7 cells producingquently results in malignant transformation (McCormick,
an externally visible rough eye phenotype (Fortini et al.,1994). Ras proteins have also been shown to play fundamen-
1992). Ras signaling pathways have also been implicatedtal roles during multicellular development. Ras is involved
in other inductive events during Drosophila developmentin the inductive signal pathways that lead to differentiation
of nonneuronal precursor cells to R7 neuronal photorecep- (Doyle and Bishop, 1993; Reichman-Fried et al., 1994).
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The mechanisms by which Ras functions as a regulator MATERIALS AND METHODS
of cell growth on the one hand and cell differentiation on
the other are not known. Since growth and differentiation Growth and Development of Cells
are distinct processes in Dictyostelium discoideum, this
organism may provide insights into the involvement of Ras D. discoideum Ax3 was grown in axenic HL5 media (Watts and
Ashworth, 1970). A clone of the strain of Ax3, transformed withproteins in the two processes. When Dictyostelium amoe-
the rasD gene containing a G12T mutation, designated M1 (Louisbae are depleted of food, multicellular development is initi-
et al., 1997), was maintained in HL5 media containing 10 mg/mlated (Bonner, 1947). The starving amoebae are chemotacti-
G418 (Gibco). Exponentially growing cells were harvested by cen-cally attracted to each other to form aggregates and each
trifugation and washed three times in Bonner's Salts solutionaggregate produces a single tip that elongates to form a mi-
(Bonner, 1947) before being plated on Millipore ®lters at a density
grating slug or pseudoplasmodia. The pseudoplasmodia of 107 cells/cm2 to induce differentiation. D. discoideum cells were
rounds up when it reaches a suitable environmental niche also grown on rich nutrient agar plates in association with Kleb-
and culminates into a fruiting body: a sorus of spore cells siella oxytoca.
supported off the substratum by a slender stalk made up of
stalk cells. Cell differentiation can ®rst be discerned in the
aggregate and prestalk and prespore cells then spatially sort Vector Construction
to establish a distinct pattern within the slug.
The pRasDNeoGal vector contains a 700-bp fragment carryingSix ras subfamily genes have been reported in Dictyostel-
the rasD promoter and a short segment of the rasD gene coupledium (Reymond et al., 1984; Robbins et al., 1989, 1990; Dan-
to a 3.2-kb fragment of the Escherichia coli lacZ gene. The lacZiel et al., 1993a,b). One of these, rasD, is expressed preferen-
fragment was removed by digesting the vector with BglII and NdeI,tially in prestalk cells during tip formation (Reymond et al.,
and the fragments were treated with the large fragment of E. coli1984; Esch and Firtel, 1991; Jermyn and Williams, 1995)
polymerase I to generate blunt ends. The remaining vector was
and transformants that overexpress activated rasD[G12T] religated with DNA ligase and designated pRasDNeo. An EcoR1
display an aberrant morphogenesis (Reymond et al., 1986). fragment containing the full-length rap1 cDNA (Robbins, 1991)
During aggregation, these cells form aggregates with numer- was subcloned in-frame at the EcoRI site of pRasDNeo, down-
ous tips and development is blocked at this stage. This de- stream of the rasD ATG site. The orientation of the rasD promoter/
rap1 cDNA was determined by restriction endonuclease digestionvelopmental phenotype is extremely stable and we have
analysis and the junction of the rasD promoter/rap1 cDNA wasdemonstrated recently that cell patterning in the aggregates
determined by DNA sequencing. This construct was designatedis markedly deranged, with prestalk cell-speci®c gene ex-
pRasDNeoRap1. The Rap1 protein produced from this constructpression enhanced and prespore cell-speci®c gene expres-
contains the ®rst 12 codons of RasD at its N-terminus and thussion dramatically reduced (Louis et al., 1997).
can be easily distinguished from the Rap1 protein expressed fromSome studies have suggested that Rap, a protein that
the endogenous rap1 gene by sodium dodecyl sulfate±polyacyry-
shares 50% identity with the Ras proteins, antagonizes the lamide gel electrophoresis (SDS±PAGE).
function of Ras during the growth of cultured mammalian The Dictyostelium rap1 gene product contains two additional
cells (Kitayama et al., 1989; Cook et al., 1993). Although amino acids in the N-terminus compared to the human rap1 and
the mechanism for this antagonism remains unknown it ras gene products. To compare Rap and Ras, the amino acids have
been numbered according to the consensus alignment of the Rashas been suggested that Rap might compete for Ras effectors
proteins. A missense mutation was introduced in the Dictyostel-(Zhang et al., 1993; Ruggieri et al., 1994; Cook et al., 1993;
ium rap1 gene to alter glycine to valine at position 12 (KitayamaCook and McCormick, 1993; McCormick, 1994). A muta-
et al., 1990). The rap1 cDNA clone containing the entire codingtion in the Drosophila rap gene has an effect on eye develop-
region of rap1 was cloned into the EcoRI site of the vector pTZ19Rment (Hariharan et al., 1991), but the effect is not opposite
(Mead et al., 1986) and transformed into E. coli strain RZ1032to that produced by mutations in the ras gene and no direct
(Kunkel et al., 1987). Uracil-containing single-stranded phagemid
evidence has thus far been produced to indicate an antago- DNA was isolated after infection with the helper phage M13K07
nistic interaction between Ras and Rap in any developing (Viera and Messing, 1987) and used as a template for oligo-directed
organism. mutagenesis (Kunkel et al., 1987). The mutagenic oligonucleotide
Only one Dictyostelium rap gene, rap1, has been identi- had the following sequence: 5*-GTCGTTTTAGGTTCAGTAGGT-
GTAGGTAAATC-3* (the substituted bases are underlined). The®ed and its encoded product shares 76% amino acid identity
mutated gene was transformed into E. coli strain DH5aF*, and sin-to human Rap1A (Robbins et al., 1990). The goal of this
gle-stranded DNA from putative mutant clones was isolated (Vierastudy was to determine if Rap1 could act as an antagonist
and Messing, 1987) and sequenced to ensure the presence of theto activated rasD function during Dictyostelium develop-
mutation. The mutated rap1 gene, rap1[G12V], was then subclonedment. When the strain M1, which expresses rasD[G12T],
into the pRasDNeo vector using the same cloning strategy as thatwas transformed with a rap1 gene, some of the resulting
described for wild-type rap1. A missense mutation at amino acid
transformants exhibited a partially suppressed phenotype. position 10 (G10V) was also introduced into rap1 using a similar
These results demonstrate that the defects in Dictyostel- procedure to that described above except that the mutagenic oligo-
ium development induced by activated RasD fall into two nucleotide had the following sequence: 5*-GAATTCAAAATC-
temporally separated categories, one suppressed by and one GTCGTTTTAGTCTCAGGTGGTG-3* (the substituted bases are
underlined). This G10V mutation is predicted to disrupt guanineinsensitive to overexpression of rap1.
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nucleotide binding and should, therefore, provide a negative control Western blots were blocked in TBS (50 mM Tris±HCl, 150 mM
NaCl, pH 7.5) containing 1% Tween 20 and 5% nonfat dry milk(Clanton et al., 1987).
for at least 1 hr at room temperature. After ®lters were washed,
they were incubated with the Y13 259 antibody (1:1000) in TBS
Cotransformation of Dictyostelium and Isolation containing only 1% nonfat dry milk for 1 hr at room temperature.
The bound Y13-259 antibody was detected by incubating blots withof Transformants
a secondary sheep anti-rat antibody (1:10,000 dilution) in TBS con-
M1 cells in Bis-Tris HL5 were cotransformed with 15 mg of pRas- taining 1% Tween 20 and 1% nonfat dry milk for 1 hr at room
DNeoRap1, pRasDNeoRapG12V, or pRasDNeoRapG10V and 15 mg temperature. The bound secondary antibody was later detected us-
of the vector pDE109 (Egelhoff et al., 1989), using the CaPO4 DNA ing ECL.
precipitation transformation procedure (Nellen et al., 1984). As
controls, M1 was also transformed with either 15 mg pDE109 alone
or with 15 mg pDE109 and 15 mg pRasDNeo DNAs, respectively. Stalk and Spore Cell Development in Monolayers
DNA uptake was allowed to proceed for approximately 5 hr and
To induce stalk cell formation in monolayers, cells were washedthen cells were subjected to 15% glycerol for 5 min, as previously
in KK2 and plated at a density of 104 cells/cm2 into tissue culturedescribed (Early and Williams, 1987). Transformants were selected
plates (Nunc) containing stalk medium (10 mM Mes, 2 mM NaCl,at 20 mg/ml G418 and 40 mg/ml hygromycin (this concentration of
10 mM KCl, 1 mM CaCl2, 100 mg/ml ampicillin) supplementedhygromycin was selected since it allowed no survival of M1 cells
with 5 mM cAMP (Harwood et al., 1995). After 20 hr, the mediumin preliminary experiments).
was removed and the cell monolayer was washed three times. FreshColonies became visible after about 10 days. Individual clones
stalk medium supplemented with 100 nM DIF was added and thewere picked and maintained in 24-well microtiters plates in HL5
number of stalk cells that formed after a further 24 hr were countedcontaining both G418 and hygromycin. When the isolates reached
using phase microscopy (Harwood et al., 1995). Stalk cell formationcon¯uency, they were harvested and grown on bacterial lawns for
in the axenic strains is dependent upon the removal of cAMP atthe initial phenotype screen. Isolates were maintained in HL5 me-
24 hr and the addition of DIF (Harwood et al., 1995).dia containing G418 and hygromycin in tissue culture plates, before
To induce spore formation in monolayers, cells were washed inbeing transferred into ¯asks for shake suspension growth. Exponen-
KK2 and plated at a density of 104 cells/cm2 into tissue culturetially grown cells were plated on Millipore ®lters to induce differen-
plates (Nunc) containing spore medium (10 mM Mes, 20 mM NaCl,tiation and their developmental phenotype was reexamined. Trans-
20 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 100 mg/ml ampicillin)formants isolated by this selection procedure were maintained in
supplemented with 15 mM 8-bromo-cAMP (Kay, 1989). The num-HL5 media containing 20 mg/ml G418 and 40 mg/ml hygromycin
ber of spores that formed were counted after 48 hr (Harwood et(Calbiochem).
al., 1995). Spore cell formation under these conditions is totally
dependent upon the addition of 8-Br cAMP (Kay, 1989).
RNA Isolation and Northern Blot Analysis
Total RNA was extracted using the guanidium isothiocyanate RESULTSmethod (Chomczynki and Sacchi, 1987). RNA (20 mg) resuspended
in 50% formamide; 40 mM 3-(N-morpholino)propanesulfonic acid
Generation and Developmental Phenotype(pH 7.0); 10 mM sodium acetate; 1 mM EDTA; 6% formaldehyde
of ME Strainswas size-fractionated on 1.25% formaldehyde±agarose gels and
transferred onto nitrocellulose membranes. Speci®c cDNAs, encod-
The M1 strain of Dictyostelium expresses a rasD geneing various genes (car1, ecmA, tagB, and cotC), were radiolabeled
containing an activating mutation (G12T) and exhibits aby the random primer method using [a32P]dCTP (Feinberg and Vo-
stable multitipped aggregate phenotype and altered cell pat-gelstein, 1983) and hybridized to the nitrocellulose ®lters. All ®lters
terning (Reymond et al., 1986; Louis et al., 1997). To deter-were washed ®rst with 21 SSC (where 11 SSC is 0.15 M NaCl,
mine if rap1 could change this phenotype we transformed0.015 M sodium citrate), 0.1% SDS at room temperature, then with
0.51 SSC, 0.1% SDS at 607C, and later exposed to X-ray ®lm. the M1 strain with a plasmid containing the rap1 cDNA
cloned downstream of the rasD promoter, so that the rap1
gene would be expressed in the same cell type and at the
Protein Isolation and Western Analysis same stage of development as the activated rasD gene. Since
M1 was originally selected using resistance to G418 (Rey-Washed cells were lysed by resuspension in 1% SDS and mixed
with an equal volume of 21 sample buffer (0.5% b-mercapoethanol; mond et al., 1986), the M1 cells were cotransformed with
0.5% SDS; 50 mM Tris, pH 6.8; 12.5% glycerol; 0.04% bromophe- pRasDNeoRap1 and the extrachromosomal vector pDE109
nol blue). The samples were boiled for 3 min and then subjected (Egelhoff et al., 1989), containing the hygromycin resistance
to SDS±PAGE. The separated proteins were transferred onto nitro- gene. Transformants were resistant to both hygromycin and
cellulose membranes (Towbin et al., 1979) and blots for Rap1 detec- G418 and were screened for their developmental phenotype.
tion were treated as previously described (Khosla et al., 1994) except Three independently isolated transformants exhibited a
that 1% Tween 20 was used in all buffers. The Rap1 protein was
``multitip escape'' (ME) phenotype that was analyzed indetected with a speci®c Rap1 peptide antibody used at 1:1000 dilu-
more detail as described below. Four transformants exhib-tion (Robbins, 1991). A conjugated goat anti-rabbit secondary anti-
ited the multitipped aggregate phenotype of the original M1body (1:10,000 dilution) was used to detect the bound Rap antibody
strain (see below). No transformants were isolated with aby enhanced chemiluminescence (ECL Amersham). The anti-Ras
speci®c mAb Y13-259 was used to detect RasD (Furth et al., 1982). ``single-tip, wild-type'' morphology. All transformants ob-
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tained when M1 cells were cotransformed with pRasDNeo- Determination of the RasD Protein Level in the ME
TransformantsGal and pDE109, as a control, had the multitipped aggregate
phenotype. Reymond et al. (1986) reported that the multitipped aggre-
The developmental phenotype of one of the three ME gate phenotype was induced by a four- to ®vefold increase
cell lines, designated ME1, is compared to that of the Ax3 in RasD[G12T] over endogenous RasD protein. We have
and M1 strains in Fig. 1. The other two ME lines, ME2 and con®rmed this observation and have shown that there is a
ME3, exhibited identical developmental phenotypes to that threshold level of RasD[G12T] expression that is required
of ME1 (data not shown). When plated under starvation to maintain the multitipped aggregate phenotype (Louis et
conditions wild-type cells formed aggregates with single al., 1997). To ensure that ME phenotype was not simply
tips by 12 hr (Fig. 1a). By 16 hr these aggregates had pro- due to a reduction in RasD[G12T], the amount of RasD
gressed to the slug stage (Fig. 1b) and by 26 hr mature fruit- expressed by ME1 cells was determined by probing Western
ing bodies had been formed (Fig. 1c). The development of blots of total protein extracts from different stages of devel-
ME1 cells was very similar to the development of M1 cells opment with the anti-Ras speci®c monoclonal antibody
through the ®rst 12 hr poststarvation and both strains Y13-259 (Furth et al., 1982). Using this antibody, only low
formed aggregates with multiple tips (cf. Figs. 1d and 1g). levels of RasD are detected during the development of Ax3,
As previously described (Reymond et al., 1986), M1 aggre- but considerably higher amounts are present during the de-
gates did not proceed beyond the multitipped aggregate velopment of M1 cells (Louis et al., 1997). The quantity of
stage (Figs. 1d±1f), so that even after 26 hr the structure of RasD present during the development of ME1 cells (Fig. 2C)
the aggregate was unchanged. However, by 16 hr after the was not reduced relative to that for M1 (Fig. 2B) and re-
initiation of differentiation, some tips within aggregates of mained considerably higher than the level in Ax3 (Fig. 2A).
ME1 cells elongated upward from the aggregate to produce The protein detected by the Y13-259 antibody in vegetative
structures very similar to the ®rst ®nger stage observed for (0 hr) cells is probably the product of the rasG gene and is
wild-type cells as they progress from aggregate to slug stage present in all three strains. Northern blot analysis of rasD
(Fig. 1h). Some of these ®rst ®ngers on the ME1 aggregates mRNA expression during the development of M1 and ME1
formed slugs that migrated away from the aggregate (Fig. cells revealed that ME1 cells also expressed high levels of
1i), while others progressed directly to culmination in situ rasD mRNA that were comparable to those detected in M1
(Figs. 1h±1k). Unlike M1, ME1 cells were therefore able (our unpublished observations). These results con®rmed
to overcome the block in development and proceed into that the rescue of the developmental block in ME1 strain
culmination. was not simply due to a reduction in rasD mRNA or
The initiation of culmination for ME1 cells was delayed RasD[G12T] protein expression. Identical results were ob-
and the process was more asynchronous compared to Ax3. tained for the ME2 and ME3 cell lines.
Ax3 cells completed fruiting body formation 26 hr after
the onset of differentiation (Fig. 1c), whereas ME1 aggre-
Analysis of Rap1 Protein Levels in ME1 Cellsgates did not initiate culmination until between 28 and 36
hr (Figs. 1i±1k) and terminal fruiting body formation was The level of Rap1 in ME1 cells was determined by West-
not complete until between 36 and 40 hr. The appearance ern blot analysis (Fig. 3). Since the Rap1 protein expressed
of the ME1 fruiting bodies was normal, except that they from the rasD/rap1 transgene was larger than the endoge-
were smaller than Ax3 fruiting bodies (Fig. 1k). By count- nous Rap1 protein, the two could be separated by electro-
ing the number of tips in the ME1 aggregates and the num- phoresis (Fig. 3, upper and lower arrows, respectively). Rap1
ber of fruiting bodies that subsequently formed, it was esti- protein expressed from the endogenous gene remained at
mated that approximately 60% of the ME1 tips developed constant level throughout the development of ME1 cells
into fruiting bodies. The yield of viable spore cells for ME1 (Fig. 3) and similar results have been obtained for Ax2 and
was 25% of the initial number of cells that were set up to V12 M2 strains (Robbins, 1991). The RasD/Rap1 fusion pro-
develop. This value was low relative to that for the paren- tein was barely detectable in vegetative cells (0 hr) but
tal Ax3 strain (60% spore formation), but considerably amounts rapidly increased during early development, such
higher than that for M1 (0.2% spore formation). When that by 4 hr appreciable levels were detectable (Fig. 3). Lev-
pRasDNeoRap1 was transformed into wild-type Ax3 cells, els reached a maximum at 8 hr and then remained rela-
expression of Rap1 had no effect on development (Louis, tively constant throughout the remainder of development.
The maximum level of protein expressed from the1996).
FIG. 1. Developmental morphologies of Ax3, M1 and ME1 cells. Parental Ax3 cells (a±c), M1 cells (which overexpress rasD[G12T], d±
f), and ME1 cells (which overexpress both rasD[G12T] and rasD::rap1, g±k) were harvested during the exponential phase of growth and
washed in Bonner's Salts solution. Cells were plated on Millipore ®lters at density of 107 cells/cm2 to induce differentiation and photographs
were taken at 12 hr (a, d, g), 16 hr (b, e, h), 26 hr (c, f), 28 hr (i), 32 hr (j), and 42 hr (k).
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the ME strain. We examined two of the G418 and hygro-
mycin resistant transformants that formed multitipped ag-
gregates. Both isolates maintained the levels of RasD[G12T]
protein found in M1 cells and expressed the same level of
Rap1 protein from the transgene as did ME1 cells (Louis,
1996). This result indicated that the release from the block
in development in ME1 cells required the expression of a
functional Rap1 protein.
Analysis of Developmental Regulated Gene
Expression in M1 and ME 1 Cells
M1 cells exhibit an extreme alteration in cell fate deci-
sion, with prestalk cell-speci®c gene expression markedly
enhanced and prespore cell-speci®c gene expression mark-
edly suppressed (Louis et al., 1997). Since ME1 cells formed
normal, albeit small, fruiting bodies it was anticipated that
the defect in the cell fate decision induced by RasD[G12T]
would be reversed by the Rap1 overexpression. Analysis
of Northern blots of RNA isolated from developing cellsFIG. 2. Expression of RasD protein during Dictyostelium develop-
revealed that the expression of ecmA, a DIF-dependentment. 20 mg of cell extract protein, isolated from parental Ax3 cells
prestalk cell-speci®c gene (Williams et al., 1989), and tagB,(A), M1 cells (which overexpress rasD[G12T], B), and ME1 cells
a DIF-independent prestalk cell-speci®c gene (Shaulsky et(which overexpress both rasD[G12T] and rasD::rap1, C) at the indi-
al., 1995), was reduced in ME1 (Fig. 4C) relative to the levelcated times of development (hours), was separated by SDS±PAGE,
transferred to nitrocellulose, and immunoblotted with the Ras-spe- observed for M1 (Fig. 4B). The level of ecmA was reduced
ci®c monoclonal antibody Y13 259, as described under Materials to that found during the development of Ax3 (Fig. 4A),
and Methods. whereas the level of tagB mRNA was still somewhat higher
than observed for Ax3 (Fig. 5). The expression of cotC, a
prespore-speci®c gene (Fosnaugh et al., 1984), was elevated
during the development of ME1 cells, relative to the level
transgene was about half the amount of protein expressed of expression observed for M1 (compare Figs. 6B and 6C)
from the endogenous rap1 gene (Fig. 3); despite the presence but the level was still considerably lower than that observed
of a high copy number of the transgene (Louis, 1996) similar for Ax3 (compare Fig. 6C to 6A). There was also a delay of
results were obtained for ME2 and ME3 cell lines (data not
shown). These ®ndings are surprising in view of the high
expression of rasD[G12T] transgene from the rasD pro-
moter (Fig. 2 and Reymond et al., 1986). It is noteworthy
that RasD/Rap1 accumulates earlier during development
than RasD[G12T] (cf. Figs. 2 and 3), indicating possible
posttranscriptional regulation of either RasD[G12T] or
RasD/Rap1. The four transformants of M1 cells that re-
tained the multitipped aggregate phenotype, maintained
high levels of RasD[G12T], but did not overexpress Rap
protein (data not shown).
The Development of M1 Cells Transformed with
RasDNeoRap1[G10V]
Because the level of RasD/Rap1 protein was low in ME1
cells, we sought a control to support the idea that the ME1
FIG. 3. Expression of Rap1 protein during development of strainphenotype was dependent on functional Rap1 activity. A
ME1. 20 mg of cell extract protein, isolated from ME1 cells at theDictyostelium rap1 gene encoding a protein containing a
indicated developmental times (hours), was separated by SDS±
G10V mutation was generated since such a mutation is PAGE, transferred to nitrocellulose, and immunoblotted with an
predicted to produce an inactive form of Rap1 by disrupting anti-Rap1 peptide antibody. The molecular mass of each of the
GTP binding (Clanton et al., 1987). This gene, in the con- standard markers is indicated in kDa. The upper band is the RasD/
struct pRasDNeoRap1[G10V], was then used to transform Rap1 fusion protein expressed from the transgene and the lower
band is Rap1 expressed from the endogenous gene.the M1 strain by the same procedure as that used to isolate
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8675 / 6x2c$$$101 10-06-97 10:31:01 dba
279Activated Ras and Dictyostelium Development
FIG. 4. Expression of ecmA mRNA during development. Cells of
strains parental Ax3 (A), M1 (which overexpress rasD[G12T], B), FIG. 6. Expression of cotC mRNA during development. The
and ME1 (which overexpress both rasD[G12T] and rasD::rap1, C) Northern blot shown in Fig. 5 was stripped as described in the
were harvested at the indicated times of development (hours) and legend for Fig. 5 and then hybridized with a probe speci®c for the
total RNA was prepared. 20 mg of RNA was separated on an agarose cotC gene. Blot (A) was exposed to X-ray ®lm for 4 hr, while blots
gel, transferred to nitrocellulose, and hybridized with a probe spe- (B) and (C) were exposed for 20 hr.
ci®c for the ecmA gene.
approximately 2 hr in the onset of expression of cotC
mRNA in ME1 cells relative to Ax3 cells. These results
indicated that the marked changes in cell fate induced by
RasD-G12T were only partially reversed by Rap1 expression
in the ME1 cells, despite the fact that these cells produced
relatively normal fruiting bodies and appreciable numbers
of spore cells.
The car1 gene encodes the cyclic AMP receptor protein
that is induced early in Dictyostelium development and is
involved in signal reception during aggregation (Saxe et al.,
1991). Since earlier observations indicated that car1 gene
expression was reduced during the development of a
rasD[G12T] expressing strain (Luderus et al., 1992), we ex-
amined car1 expression by probing the developmental
Northern blots with car1 cDNA. In strain Ax3, car1 mRNA
was maximally expressed after 4 hr with a smaller peak of
car1 mRNA expression detected at 18 hours (Fig. 7A). The
car1 mRNA level in M1 was approximately ®vefold lower
and expression was delayed until 8 hr (Fig. 7B), a result
similar to that described earlier by Luderus et al. (1992).
Since car1 is one of the earliest genes to be induced at the
onset of differentiation, the repression of car1 expression
in strain M1 indicated that RasD[G12T] had an effect early
in development. Examination of car1 mRNA levels duringFIG. 5. Expression of tagB mRNA during development. The same
ME1 development (Fig. 7C) revealed that car1 gene expres-Northern blot shown in Fig. 4 was stripped in 0.11 SSC, 0.1% SDS
sion remained just as low as in the M1 strain. Despite thesolution containing 25% formamide at 657C and hybridized with
a probe speci®c for the tagB gene. reduction in car1 expression during early development in
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The Development of M1 Cells Transformed with
RasDNeoRap1[G12V]
The data presented thus far have shown that Rap1 only
partially rescued the M1 phenotype. Kitayama et al. (1990)
demonstrated that the introduction of an activating muta-
tion, G12V, into the human rap1A gene potentiated its abil-
ity to suppress the malignant phenotype of ras-transformed
cells. Since it was possible that the partial rescue by Rap1
might be due to low suppression ability of wild-type Rap1,
the M1 strain was transformed with pRasDNeoRap1[G12V]
in an attempt to increase Rap activity. Three transformants
were obtained that had exactly the same developmental
phenotype as ME1 and these transformants still expressed
high levels of the RasD[G12T] protein (data not shown).
The expression of car1, ecmA, and cotC during the develop-
ment of the ME-rap1[G12V] strains was also similar to that
already detailed for the ME1 strain (data not shown). Thus,
the introduction of a position 12 activating mutation into
FIG. 7. Expression of car1 mRNA during development. The the Dictyostelium rap1 gene did not alter its ability to mod-
Northern blot shown in Fig. 6 was stripped as described in the ify the M1 developmental phenotype. Although all three
legend to Fig. 5 and hybridized with a probe speci®c for the car1 ME-rap1[G12V] transformants had identical multitip escape
gene. phenotypes, one of them expressed approximately one-third
as much Rap1[G12V] protein as the other two (Fig. 8). These
data, therefore, de®ne a range of Rap1 protein levels that
are capable of reversing the multitip phenotype of M1. Since
both the M1 and ME1 strains, there was no obvious defect we did not obtain transformants that expressed lower levels
in the ability of these cells to form aggregates in comparison of Rap1, it was not possible to determine if an even lower
to the parental Ax-3 strain. level of Rap1[G12V] might be suf®cient.
Stalk and Spore Cell Formation in Low-Cell- DISCUSSIONDensity Monolayers
Stalk and spore cell differentiation in Dictyostelium can The M1 strain of Dictyostelium expresses an activated
be studied in the absence of cell interactions by plating cells RasD[G12T] protein during development and exhibits a sta-
in low density monolayer culture. (Maeda, 1988; Kay, 1989;
Harwood et al., 1995). We showed previously that when
M1 cells were incubated in low-density monolayers, they
TABLE 1formed either vacuolated stalk cells or spore cells depending
upon the inducing conditions, although the numbers pro- Stalk and Spore Cell Formation in Monolayers
duced were lower than for Ax3 (Louis et al., 1997). This
Strainsresult indicated that the absence of stalk and spore cell
formation in the multicellular aggregate could be attributed Incubation conditions Ax3 M1 ME1
to inhibitory cell±cell interactions. However, since the
Stalk cell formation (%) clevel of both stalk and spore cell formation by M1 cells in
monolayers was lower than that observed for Ax3, it was
DIFa 83.0 { 5.5 7.0 { 1.5 11.0 { 2.5
apparent that RasD[G12T] overexpression also produced a
defect that was cell autonomous. Since strain ME1 produced
Spore cell formation (%) c
both stalk and spore cells during multicellular develop-
8 Br-cAMPb 65.0 { 8.0 20.0 { 3.5 20.0 { 4.5ment, we anticipated that Rap1 overexpression in ME1
would restore stalk and spore cell formation in monolayers a Cells were incubated in stalk medium in the presence of 5to the levels found in Ax3. However, stalk and spore cell
mM cyclic AMP for 24 hr and then incubated with fresh medium
formation by ME1 cells was not signi®cantly higher than containing 100 nM DIF.
that observed for M1 (Table 1). This result indicated that b Cells were incubated for 48 hr in spore medium containing 10
Rap1 overexpression did not overcome the cell-autonomous mM 8Br-cAMP.
defect in stalk and spore cell formation induced by c The values are the means { SEM for two independent experi-
ments. For each experiment 200±300 cells were counted.RasD[G12T] in M1 cells.
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multitipped aggregates, and since Ras proteins are regula-
tors of signal transduction, we conclude that RasD[G12T]
is acting on two independent signaling pathways. One of
these operates prior to tip formation and the expression of
RasD[G12T] alters signals affecting early gene expression
and aggregate morphology. The other operates after tip for-
mation and the expression of RasD[G12T] results in the
block to development beyond that stage.
It was possible that the failure of Rap to in¯uence the
earlier signaling defect was due to insuf®cient expression
of protein. This is unlikely, however, because the level of
FIG. 8. Rap1 protein levels in transformants expressing the Rap1 relative to RasD[G12T] was higher during early devel-
rap1[G12V] gene. 20 mg of cell extract protein from Ax-3 (lane 1)
opment than during late development (compare Figs 2 andand three independent ME-rap1[G12V] transformants (lanes 2±4)
3). The high level of Rap1 relative to RasD[G12T] was inthat had been allowed to develop for 14 hr was separated by SDS±
part due to the continued presence of Rap1 expressed fromPAGE, transferred to nitrocellulose, and reacted with the Rap-spe-
the endogenous gene and in part due to the accumulationci®c antibody. The upper band is the Rap1[G12V] protein expressed
of Rap1 expressed from the transgene which clearly pre-from the transgene and the lower band in the Rap1 protein ex-
pressed from the endogenous gene. cedes the expression of RasD[G12T]. The level of Rap1
reached a maximum at 8 hr of development, well before the
formation of the multitipped aggregate. Since the ratio of
Rap1 to RasD[G12T] is highest early in development, one
would predict, on the basis of simple competition, that theble multitipped aggregate phenotype (Louis et al., 1997).
Development stops at the multitipped aggregate stage and earlier defect would be more likely to be reversed than the
later effect. We have examined the effect of expressing rapnegligible numbers of stalk and spore cell are formed. A
dramatic characteristic of these cells is the markedly en- under the control of an early developmental promoter (pde)
to try to further increase the level of Rap1 during earlyhanced expression of the prestalk cell-speci®c genes, ecmA
and tagB, and the reduction of the expression of the prespore development, but the levels obtained were the same as
those observed with the rasD promoter (data not shown).cell-speci®c gene, cotC (Louis et al., 1997). In this study,
we have demonstrated that transformation of the M1 strain This is perhaps not too surprising because the expression
of Rap1 from the rasD promoter already occurs fairly earlywith the Dictyostelium rap1 gene under the control of the
rasD promoter resulted in a ME phenotype: aggregates in development and the pde promoter may be suppressed
in a similar fashion to the car1 promoter. We conclude fromformed several tips but many of these tips went on to form
fruiting bodies. Although there have been reports that rap these results that the lack of suppression of the earlier de-
fects in signaling is because the pathways involved are in-expression can antagonize the effects of an activated ras
gene in cultured mammalian cells (Kitayama et al., 1989, sensitive to Rap1.
We previously described both cell autonomous and cell±1990; Cook et al., 1993), this is the ®rst time that rap has
been shown to antagonize the aberrant effect of an activated cell interaction defects in M1 cells that were identi®ed by
studying stalk and spore formation in cell monolayersras gene on development.
Overexpression of rasD in the strain M1 produces a com- (Louis et al., 1997). The ME1 strain exhibited an almost
identical level of stalk and spore formation in monolayersplex phenotype: car1 mRNA levels are reduced, yet aggrega-
tion is relatively normal; aggregates produce multiple tips to that observed for M1. This indicated that Rap1 did not
in¯uence the cell autonomous defect caused bywhich do not progress further in development and cell type-
speci®c gene expression is altered (Louis et al., 1997). Our RasD[G12T] in strain M1. Thus, the signaling pathways
associated with the cell autonomous defect can be groupedinitial analysis suggested that the block to development was
a characteristic of the multitipped aggregate. However, the with those associated with the formation of the aberrant
multitipped aggregate, since both are insensitive to Rap1.fact that an increased expression of Rap1 allowed cells in
the multitipped aggregates to proceed to culmination im- This implies, although it does not prove, that these path-
ways are the same. In contrast, although ME1 cells formedplies that the subsequent developmental block is not a nec-
essary consequence of the formation of the multitips. stalk and spore cells during multicellular development,
there was no increase in stalk and spore cell formation dur-In the ME1 strain, the events that occur prior to the for-
mation of the multitipped aggregate were still deranged. ing monolayer development, relative to that observed for
M1. This suggests that the block in terminal developmentThus, the defects in car1 gene expression and aggregate mor-
phology induced by RasD[G12T] still occurred despite the that is reversed by Rap1 involves cell±cell interaction.
Thus, the monolayer analysis reinforces the conclusion thatpresence of Rap1. In contrast, coexpression of both Rap and
RasD[G12T] permitted the escape from the block in late RasD[G12T] has effects on at least two independent signal-
ing pathways.development seen in strain M1. Since the block to develop-
ment can be dissociated from the formation of the The extent to which gene expression was restored in the
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growth and development of Dictyostelium discoideum. Onco-ME1 strain varied for different genes. For example, the level
gene 8, 1041±1047.of expression of ecmA in ME1 cells was identical to that
Daniel, J., Bush, J., Cardelli, J., Spiegelman, G. B., and Weeks, G.observed in wild-type cells and considerably reduced from
(1993b). Isolation of two novel ras genes in Dictyostelium dis-the enhanced levels in M1. On the other hand, expression
coideum: Evidence for a complex, developmentally regulated ras-of tagB, although reduced in ME1 cells from the level in
gene subfamily. Oncogene 9, 501±508.
M1 cells, was not restored to wild-type levels and cotC Doyle, H. J., and Bishop, J. M. (1993). Torso, a receptor tyrosine
expression, although enhanced relative to M1 cells, was still kinase required for embryonic pattern formation shares sub-
considerably lower than that in the wild-type. Interestingly strates with the sevenless and EGF-R pathways in Drosophila.
the relatively low level of cotC expression in strain ME1 Genes Dev. 7, 633±646.
was suf®cient to allow reasonable levels of spore cell forma- Early, A., and Williams, J. (1987.) Two vectors which facilitate
gene manipulation and a simpli®ed transformation procedure fortion. The variability in the effects of Rap on developmental
Dictyostelium discoideum. Gene 59, 99±106.gene expression indicates that there is considerable com-
Egelhoff, T. T., Brown, S. S., Manstein, D. J., and Spudich, J. A.plexity in the regulatory signaling pathways that respond
(1989). Hygromycin resistance as a selectable marker in Dictyos-to Rap1.
telium discoideum. Mol. Cell Biol. 9, 1965±1968.It has been recently found that cells with a deleted ras-
Esch, R. K., and Firtel, R. A. (1991). cAMP and cell sorting controlGAP1 gene exhibit a developmental phenotype that resem-
the spatial expression of a developmentally essential cell-type
bles that of ME1. The rasGAP1 null cells produce speci®c ras gene in Dictyostelium. Genes Dev. 5, 9±21.
multitipped aggregates that then go on to form atypical Faix, J., and Dittrich, W. (1996). DGAP1, a homologue of rasGTPase
fruiting bodies made up of short thick stalks with irregular activating proteins that controls growth, cytokinesis and devel-
clusters of spores (Faix and Dittrich, 1996). This phenotype opment in Dictyostelium discoideum. FEBS Lett. 394, 254±257.
indicates that RasGAP1 is not required for the pathway Feinberg, A. P., and Vogelstein, B. (1983). A technique for radiola-
beling DNA restriction endonuclease fragments to high speci®cinvolved in cell type patterning and terminal differentiation
activity. Anal. Biochem. 132, 6±13.that is disrupted by activated RasD and also reversed by
Fischer, T. H., Gatling, M. N., Lacal, J., and White, G. C. II. (1990).Rap1. The RasGAP1 protein is most similar to mammalian
rap1B, a cAMP-dependent protein kinase substrate, associatesIQ-GAP and thus probably does not act directly on RasD.
with the platelet cytoskeleton. J. Biol. Chem. 265, 19405±19408.However, the phenotype of the null mutant suggests that
Fortini, M. E., Simon, M. A., and Rubin, G. M. (1992). SignallingRasGAP1 might act downstream in the pathway involved
by the sevenless tyrosine kinase is mimked by Ras1 activation.
in tip formation that is affected by activated RasD. Nature 355, 559±561.
Fosnaugh, K. L., and Loomis, W. (1989). Spore coat genes SP60 and
SP70 of Dictyostelium discoideum. Mol. Cell. Biol. 9, 5215±
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